Thin films of polycrystalline germanium were formed by the pyrolysis of germane gas in a low-pressure reactor. Process parameters investigated were deposition temperature in the range 250 to 350°C and pressure in the range 300 to 600 mTorr. The properties of the film have been characterized using transmission electron microscopy and x-ray diffraction for structural analysis, atomic force microscopy for surface morphology analysis, secondary ion mass spectroscopy for compositional analysis, and Hall effect measurement for electrical parameter extraction, etc. High Hall effect mobility on the order of 300 cm2/V s was obtained, even at a relatively low deposition temperature of 300°. This makes the germanium thin films potentially very promising for low-temperature device processing.
Infroduction
Polycrystalline thin film transistors (TFTs) have been used in a number of important applications. These include three-dimensional stacked transistors for static randomaccess memories, pixel and drive transistors for liquid crystal display panels, and integrated sensors, etc. In many such applications, low processing temperature is required.1 In the case of liquid crystal displays, the constraint on the processing temperature is quite stringent, since the inexpensive glass substrates on which transistors are formed typically cannot handle temperatures much higher than 550°C. Currently, silicon (Si) based amorphous or polycrystalline TFTs are being used, the former typically in the pixel arrays.2 The higher electron and hole mobilities of the latter also make it possible to achieve complementary metal-oxide-semiconductor (MOS) control and driver circuits directly on inexpensive glass substrates.
The main drawback of the conventional technique of forming the active device layers of polycrystalline silicon (polysilicon) TFTs by pyrolysis of silane (SiB4) gas in a low-pressure chemical vapor deposition (LPCVD) system is the relatively high temperature required, typically around 600°C. For reduced-temperature processing, polycrystalline alloys of silicon and germanium (Si1_Ge) have been extensively studied and reported.3'4 An added advantage of using Si1_Ge thin films is their higher carrier mobilities as compared with those found in pure Si thin films. A potential disadvantage is the possibly higher junction leakage current resulting from the smaller bandgap and the higher density of trap states5 in Si1_Ge thin films.
In this work, the formation of polycrystalline Ge (polygermanium) thin films has been investigated for further reduction of the device processing temperature. As a comparison, some relevant material parameters6 for Ge and Si are listed in Table I . When designing Tfl devices using polygermanium, the higher carrier mobilities in Ge are certainly advantageous in the realization of faster devices, but attention must be paid to the smaller energy bandgap in Ge.
a City University of Hong Kong. eters of 100 mm were used as the starting substrates.
Unless specified otherwise, the wafers were first thermally oxidized in a dry oxygen ambient at 1000°C in a Thermco TMX 9001 oxidation furnace. The thickness of the resulting oxide was about 100 nm. The wafers were subsequently transferred to a Thermco TMX 9001 LPCVD furnace for thin film deposition. The composition of the Si1Ge film could be varied continuously from pure Si (x = 0) to pure Ge (x = 1) by controlling the ratio of the flow rates of silane and germane (GeH4). In this work, only the results on pure Ge are reported. The pressure in the furnace was controlled by bleeding a controlled amount of nitrogen (N2) to a section of the pump line between the furnace and the Edwards EH-80 vacuum pump.
Since it was difficult to induce Ge deposition on thermally grown silicon dioxide, a thin layer of amorphous Si "nucleation" layer was first deposited. The temperature, pressure, and the SiH4 flow rate for the deposition of the Si layer were 500°C, 300 mTorr, and 150 sccm, respectively. Typically, a thickness of approximately 20 nm was obtained for a deposition time of is mm.
The nucleation and growth of Ge on LPCVD silicon nitride were also investigated. The nitride was deposited at 780°C at a pressure of 193 mTorr and an ambient consisting of 37 sccm dichlorosilane and 150 sccm ammonia.
The process conditions for the Ge deposition are listed in Table II. Deposition Characteristics Summarized in Table III are the deposition rates and the visual appearance of the films immediately following the deposition. There was no deposition at 250°C. The films were classified as "mirror-like" if they were specularly reflective, "dull" if they were not, and "intermediate" if they appeared somewhere in between.
For the deposition on the samples with the amorphous silicon nucleation layers, the surface morphology changed from mirror-like to dull when the temperature was raised above 350°C. The surface quality was marginal at 350°C. The degradation of the surface morphology correlates well with the temperature rate of change of the deposition rate. While the deposition rate increased ( Fig. 1) with the deposition temperature from 300 to 400°C, the increase slowed 1417 down above 350°C, probably indicating a change from "surface reaction" limitation to "mass transport" limita- Polycrystalline thin film transistors (TFTs) have been used in a number of important applications. These include three-dimensional stacked transistors for static randomaccess memories, pixel and drive transistors for liquid crystal display panels, and integrated sensors, etc. In many such applications, low processing temperature is required.1 In the case of liquid crystal displays, the constraint on the processing temperature is quite stringent, since the inexpensive glass substrates on which transistors are formed typically cannot handle temperatures much higher than 550°C. Currently, silicon (Si) based amorphous or polycrystalline TFTs are being used, the former typically in the pixel arrays.2 The higher electron and hole mobilities of the latter also make it possible to achieve complementary metal-oxide-semiconductor (MOS) control and driver circuits directly on inexpensive glass substrates.
The main drawback of the conventional technique of forming the active device layers of polycrystalline silicon (polysilicon) TFTs by pyrolysis of silane (SiH4) gas in a low-pressure chemical vapor deposition (LPCVD) system is the relatively high temperature required, typically around 600°C. For reduced-temperature processing, polycrystalline alloys of silicon and germanium (Sii_Ger) have been extensively studied and reported.3'4 An added advantage of using Si1_0,Ge thin films is their higher carrier mobilities as compared with those found in pure Si thin films. A potential disadvantage is the possibly higher junction leakage current resulting from the smaller bandgap and the higher density of trap states5 in Sii_rGe thin films.
In this work, the formation of polycrystalline Ge (polygermanium) thin films has been investigated for further reduction of the device processing temperature. As a comparison, some relevant material parameters6 for Ge and Si are listed in Table I . When designing TFT devices using polygermanium, the higher carrier mobilities in Ge are certainly advantageous in the realization of faster devices, but attention must be paid to the smaller energy bandgap in Ge.
City University of Hong Kong. eters of 100 mm were used as the starting substrates.
Unless specified otherwise, the wafers were first thermally oxidized in a dry oxygen ambient at 1000°C in a Thermco TMX 9001 oxidation furnace. The thickness of the resulting oxide was about 100 nm. The wafers were subsequently transferred to a Thermco TMX 9001 LPCVD furnace for thin film deposition. The composition of the Si1-Ge film could be varied continuously from pure Si (x = 0) to pure Ge (x = 1) by controlling the ratio of the flow rates of silane and germane (GeH4). In this work, only the results on pure Ge are reported. The pressure in the furnace was controlled by bleeding a controlled amount of nitrogen (N2) to a section of the pump line between the furnace and the Edwards EH-80 vacuum pump.
Since it was difficult to induce Ge deposition on thermally grown silicon dioxide, a thin layer of amorphous Si "nucleation" layer was first deposited. The temperature, pressure, and the SiH4 flow rate for the deposition of the Si layer were 500°C, 300 mTorr, and 150 sccm, respectively. Typically, a thickness of approximately 20 nm was obtained for a deposition time of 15 mm.
The nucleation and growth of Ge on LPCVD silicon nitride were also investigated. The nitride was deposited at 780°C at a pressure of 193 mTorr and an ambient consisting of 37 sccm dichiorosilane and 150 sccm ammonia.
For the deposition on the samples with the amorphous silicon nucleation layers, the surface morphology changed from mirror-like to dull when the temperature was raised above 350°C. The surface quality was marginal at 350°C. The degradation of the surface morphology correlates well with the temperature rate of change of the deposition rate. While the deposition rate increased ( Fig. 1 ) with the deposition temperature from 300 to 400°C, the increase slowed down above 350°C, probably indicating a change from "surface reaction" limitation to "mass transport" limitation. This change in the limiting step possibly induced a corresponding change in the microstructure of the film, which in turn led to the observed changes in the visual appearance of the films. J. ftleclrocnem. ,SOC., VOl. 144, NO. 4, prii 1 i9f (Q.) I tie Electroctiemical society, inc. Under similar deposition conditions on silicon nitride without a top amorphous silicon layer, nucleation was possible but the films were punctured with small regions (Fig. 2) devoid of deposition. The surface was rougher than those of the films deposited on amorphous silicon.
In the surface reaction-limited regime, an activation energy of 1.4 eV can be estimated from the slope of the steepest portion of the graph in Fig. 1 . This value is slightly smaller than but comparable to the 1.7 eV reported for polysilicon deposition using the pyrolysis of SiH4.
Material Characterization The films were studied using transmission electron microscopy (TEM) and x-ray diffraction (XRD) spectroscopy for structural analysis, atomic force microscopy (AFM) for surface morphology analysis, secondary ion mass spectroscopy (SIMS) for compositional analysis, and Hall effect measurement for electrical parameter extraction.
X-ray diffraction spectroscopy.-X-ray diffraction (XRD) spectra indicated most of the deposition conditions resulted in polycrystalline films, except for the depositions (sample 029) done at a higher pressure of 600 mTorr and a higher GeH, flow rate of 45 sccm, which produced amorphous films.
Typical spectra are shown in Fig. 3 . The thickness of the films are approximately 150, 450, and 350 nm at deposition temperatures of 300, 350, and 400°C, respectively. Broad but low-intensity spectra appear between 20 equals 25° and 30° for the films deposited at the higher temperatures of 350°C and 400°C, indicating the presence of higher fractions of amorphous material in these films. Similar broad spectrum was not detected in the film deposited at 300°C.
For the polycrystalline fraction of the films, the average grain size of each of the orientations {111}, {220}, and {311} can be extracted from the widths of the corresponding peaks in the x-ray spectra. These data are summarized in Fig. 4 . It is evident that the largest average grain size was obtained at the lowest deposition temperature of 300°C, while the smallest average grain size was obtained at the intermediate deposition temperature of 350°C.
The relative intensities of' the diffraction peaks reflect the relative abundance of the different grain orientations.
For each deposition temperature, the intensities of the f220} and the (311) peaks are first normalized by the intensity of the {111} peak and then plotted against the deposition temperature. The resulting graph (Fig. 5) shows that, relative to the {111} orientation, both the (220) and the / f311} orientations gained in abundance as the deposition temperature was increased from 300 to 350°C. This effect seems to "saturate" beyond 350°C.
The XRD spectrum of the film (sample 015) deposited at 350°C on silicon nitride is given in Fig. 6 . As indicated by the presence of identifiable Ge diffraction peaks, the film is at least partially polycrystalline. However, unlike the Under similar deposition conditions on silicon nitride without a top amorphous silicon layer, nucleation was possible but the films were punctured with small regions (Fig. 2) devoid of deposition. The surface was rougher than those of the films deposited on amorphous silicon.
The XRD spectrum of the film (sample 015) deposited at 350°C on silicon nitride is given in Fig. 6 . As indicated by the presence of identifiable Ge diffraction peaks, the film is at least partially polycrystalline. However, unlike the films deposited at the same temperature on amorphous silicon nucleation layers, which produced almost no detectable {111} peaks (Fig. 3b) , that deposited on silicon nitride produced a relatively prominent {1l1} peak.
Transmission electron microscopy.- Figure seen that columnal grain growth has occurred. Surface roughness on the order of 12 nm can be observed. Atomic force microscopy-For MOS devices, the quality of the interface between the semiconductor active layer and the gate dielectric layer significantly influences such critical electrical parameters as the surface carrier mobil-(b)
Si (400) ity8 and the interfacial trap and charge densities. One measure of such quality is the interfacial roughness.
Ge (220) Recent studies9'1° have shown that for polysilicon TFTs, chemical-mechanical polishing of the active layer leads to significant improvement in device performance. The roughness of the polygermaniurn thin film was studied using an atomic force microscope (Topometrix TMX 2010). The AFM scans are summarized in Fig. 9 . Consistent with the TEM observation, the surface of the poly-. germanium thin film is rough. The average roughness is on films deposited at the same temperature on amorphous silicon nucleation layers, which produced almost no detectable {111} peaks (Fig. 3b) , that deposited on silicon nitride produced a relatively prominent {1l1} peak. Transmission electron microscopy.- Figure (220) grains on the deposition temperature.
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280 cm2/V s, was obtained in the film deposited at 300°C. In Fig. 11 , the Hall effect mobility is plotted against the average grain size extracted from the XRD data. It can be seen that there is a definite positive correlation between the Hall effect mobility and the average size of the grains.
The carrier mobility in polycrystalline thin films is affected mainly by the density of grain boundaries and the height of the energy barriers at the grain boundaries. As the average size of the grains increases, the density of grain boundaries decreases, thus resulting in less frequent grain boundary-induced scattering. This leads to higher carrier mobility.
Ge (220) Postdeposition Heat-Treatment-It is important to Ge (311) know the effects of postdeposition heat-treatment on the electrical properties of a polygermanium film. Six samples ____________________________________________ were taken through a series of heat-treatments performed at a pressure of 300 mTorr in an N2 ambient. The temperature and the duration of each heat-treatment and its effects on the Hall effect measurements are summarized in Table IV .
For deposition temperatures lower than 350°C, both the Hall effect coefficient and mobility decreased after the first 350°C heat-treatment. On the other hand, the heattreatments had no effects on these parameters if the deposition temperature were at or above 350°C. For all films deposited at 300 mTorr, no Hall effect could be measured after the 500°C heat-treatment. It was found that the films had become discontinuous, as shown in Fig. 12 . SIMS analysis (Fig. 13) showed that the oxygen content in these films was above 1021 cm3. At 500°C, GeO evaporates, leaving behind a discontinuous film. If the oxygen contamination in the film could be reduced, the films would be expected to have improved thermal stability.
Initially, Hall effect could not be measured on the film deposited at the higher pressure of 600 mTorr with a higher flow rate of 45 sccm. XRD analysis showed that the film was amorphous. The film partially crystallized after the 20 h 350°C heat-treatment. Additional heat-treatment at 500°C for 1 h yielded a high Hall effect mobility of almost Fig. 7 . Planview TEM micrograph of sample 017 deposited at the order of 10 nm, which is worse than those of polysilicon films, typically of the order of a few nanometers. 910 The roughness progressively degraded as the deposition temperature was increased from 300 ( Fig. 9a ), through 350°C ( Fig. 9b) , to 400°C (Fig. 9c) . A similar scan of the film deposited on silicon nitride is shown in Fig. 9d . Since the reflection of light becomes more diffusive as the surface becomes rougher, the visual appearance reported in Table III can therefore be explained in terms of the surface morphology of the deposited films.
Hall effect measurement-Carrier drift mobility is a critical electrical performance parameter of a TFT. Hall effect was measured using a Biorad Model HL5500 Hall effect measurement system, and the data are presented in . iecrrocnem. .OC., VOl. 144, NO. 4, iprii 1 'f )) I ne iectrocnemicai society, Inc. 280 cm2/V s, was obtained in the film deposited at 300°C. In Fig. 11 , the Hall effect mobility is plotted against the average grain size extracted from the XRD data. It can be seen that there is a definite positive correlation between the Hall effect mobility and the average size of the grains.
Ge (220) Postdeposition Heat-Treatment-It is important to Ge (311) know the effects of postdeposition heat-treatment on the electrical properties of a polygermanium film. Six samples ____________________________________________ were taken through a series of heat-treatments performed at a pressure of 300 mTorr in an N2 ambient. The temperature and the duration of each heat-treatment and its effects on the Hall effect measurements are summarized in Table IV. For deposition temperatures lower than 350°C, both the Hall effect coefficient and mobility decreased after the first 350°C heat-treatment. On the other hand, the heattreatments had no effects on these parameters if the deposition temperature were at or above 350°C.
For all films deposited at 300 mTorr, no Hall effect could be measured after the 500°C heat-treatment. It was found that the films had become discontinuous, as shown in (Fig. 13) showed that the oxygen content in these films was above 1021 cm3. At 500°C, GeO evaporates, leaving behind a discontinuous film. If the oxygen contamination in the film could be reduced, the films would be expected to have improved thermal stability.
Initially, Hall effect could not be measured on the film deposited at the higher pressure of 600 mTorr with a higher flow rate of 45 sccm. XRD analysis showed that the film was amorphous. The film partially crystallized after the 20 h 350°C heat-treatment. Additional heat-treatment at 500°C for 1 h yielded a high Hall effect mobility of almost the order of 10 nm, which is worse than those of polysilicon films, typically of the order of a few nanometers. 910 The roughness progressively degraded as the deposition temperature was increased from 300 ( Fig. 9a ), through 350°C ( Fig. 9b) , to 400°C (Fig. 9c) . A similar scan of the film deposited on silicon nitride is shown in Fig. 9d . Since the reflection of light becomes more diffusive as the surface becomes rougher, the visual appearance reported in Table III can therefore be explained in terms of the surface morphology of the deposited films.
Hall effect measurement-Carrier drift mobility is a critical electrical performance parameter of a TFT. Hall effect was measured using a Biorad Model HL5500 Hall effect measurement system, and the data are presented in temperatures above the deposition temperature, it was found that the Hall effect mobility decreased, as shown in Table IV . This reduction could be understood in terms of the dependence of the carrier mobility on the grain boundary potential barrier, which in turn depends on the grain boundary trap density. Consider a typical crystal grain ( Fig. 15 ) with dimension L, volume doping concentration N, and area grain boundary trap density Q. The potential distribution V(s) associated with the band bending induced by the trap states satisfies Poisson's equation where it is assumed the charge associated with Qis equally divided between two symmetrical depletion layers on both sides of the grain boundary. Consequently, we have = ____°T
his implies V0 increases with Q,.
Since the dissociation of GeH4 produces H2, we propose the as-deposited polygermanium film is at least partially hydrogenated. Annealing of the film at a temperature higher than the deposition temperature leads to breaking of the Ge-H bonds and the subsequent release of hydrogen, thus resulting in an increase in Q. If we further assume that the grains are not all fully depleted, then an increase in Q will lead to a higher V0 and consequently, a smaller effective carrier mobility. Incidentally, an increase in Q also reduces the population of mobile carriers, which is consistent with the observed decrease in the Hall effect coefficient upon annealing at a temperature higher than the deposition temperature.
Conclusion The deposition of polygermanium in a low-pressure reactor has been characterized and extensive material analyses of the resulting films using a variety of techniques have been performed. Hall effect mobility as high as almost 300 cm2/V s could be obtained in as-deposited films at temperatures as low as 300°C. The combination of the high mobility and the low processing temperature Fig. 12 . Photograph of sample 017 after the 500°C heat-treat- Fig. 13 . SIMS profile for sample 011 showing high oxygen incorment showing a discontinuous polygermanium thin film.
poration in the film. The deposition pressure was 300 mTorr. 
